(Communicated by F. F. Blackman, F.R.S.-Received 2 September 1939) I ntroduction
The gradual elucidation of the intermediary role of phosphorylated sugars in the breakdown of carbohydrate by the enzymes of yeast and certain animal tissues forms an outstanding achievement in the field of the biochemistry of carbohydrates. I t is attractive to suppose th at the rapid interconversions of carbohydrates which occur in the higher plants may depend also upon the formation of labile phosphorylated derivatives of sugars. It cannot be claimed, however, th at this view is supported by any extensive body of facts. Since so far as the higher plants are concerned, only fragmentary observations have been recorded on the occurrence and nature of phosphorylated sugars; relatively little is known, moreover, concerning the types of enzymic mechanism which may be present to act upon such esters. Investigations to be described in this and subsequent communi cations are directed towards various aspects of this metabolic problem.
In the present paper it is proposed to consider a system of enzymes extracted from mature pea seeds which illustrates one type of mechanism by which phosphoric esters are formed in vegetable tissues. Further, the study of this system has disclosed the mechanism by which starch is synthesized in the plant.
The earliest demonstration by Bodnar (1925) of the existence of a phosphorylating enzyme in a higher plant was based on experiments with this same tissue. On suspending flour from ground peas in a phosphate buffer, Bodnar found that a progressive disappearance of inorganic phos phate occurred during incubation. More recently, Tanko (1936) investi gated the fate of the phosphate which disappears in this system and was able to recover the main portion of it (about 90 %) in the form of fructofuranose-1 : 6-diphosphate. Hexose-monophosphates were also present, of which a fraction was isolated which resembled the mixture of 6-phosphoric esters of glucose, fructose and mannose isolated by Robison (1922 Robison ( , 1932 from the products formed by the phosphorylation system of yeast. From these investigations it became clear th at pea seeds contain an enzyme system which catalyses the phosphorylation of some carbohydrate con stituent originally present in the tissue.
For a closer analysis of the reactions involved in this system it appeared essential th a t the enzyme should be separated from the tissue and that the carbohydrate substrate for the esterification process should be identified. Experiments along these lines have shown that, in the presence of inorganic phosphate, starch and a variety of starch dextrins are readily phosphorylated under the action of extracts from pea seeds but that, with the ex ception of maltose which is acted upon only very slowly, simple sugars are not attacked.
The first recognizable step in the phosphorylation of starch is the for mation of the non-reducing acid-labile glucose-1-phosphate. This ester has been obtained in high yield in the form of the crystalline potassium salt. I t appears to be identical with the glucose-1-phosphate which was first isolated by Cori and Cori (1936) as the primary product of the esterification of glycogen in muscle extracts, and later described by Kiessling (1938) .
Of considerable botanical interest is the fact th at the conversion of starch to glucose-1-phosphate is a reversible reaction: this is catalysed in both directions by an enzyme which will be referred to as a phosphorylase. When glucose-1-phosphate is added to an extract of peas a portion of it is converted into starch with the liberation of free phosphate. The rever sibility of the initial stage of the phosphorolytic breakdown of glycogen has recently been reported by a number of authors working with pre parations of phosphorylase from yeast- Schaffner and Specht (1938) , Kiessling (1939) ; muscle -Cori, Schmidt and Cori (1939) ; and liverOstern and Holmes (1939).
Glucose-1-phosphate, however, undergoes an alternative transformation which under certain conditions leads to its rapid and practically complete disappearance from the system. In this reaction reducing hexose-monophosphates, resistant to acid hydrolysis, are formed; this transformation takes place in at least two distinct stages catalysed by different enzymes, but for the present these will be referred to merely as the phosphoglucose conversion system.* The products of the action of this system upon glucose-1-phosphate consist, to a considerable extent at least, of a mixture of glueose-6-phosphate, fructose-6-phosphate, and mannose-6-phosphate.
As mentioned earlier, Tanko observed the accumulation of hexosediphosphate in suspensions of pea flour to which phosphate was added. It is found that the addition of dissolved starch to such a suspension greatly increases the rate of the esterification of phosphate, and th at the main product under suitable reaction conditions is hexose-diphosphate as in Tanko's experiments. This ester is also formed when crude aqueous extracts are used, but in extracts which have been subjected to prolonged dialysis little or no hexose-diphosphate is formed. The formation of glucose-1-phosphate from starch and inorganic phosphate, and the subsequent conversion of this ester to the reducing 6-esters, occurs readily in such dialysed extracts, but it seems likely th at the formation of hexose-diphos phate (presumably by the conversion of fructofuranose-6-phosphate into fructofuranose-1 : 6-diphosphate) requires the presence of a dialysable co-enzyme.
The experiments which will be presented below constitute a general survey of this complex set of reactions. I t is proposed to describe later more detailed studies on the separate components of this system.
Methods

Preparation of extracts
Pea seeds of the variety Laxton's Progress (a wrinkled culinary variety) were ground to a fine flour in a C. and N. mill. The freshly ground flour was then extracted several times with ether on a Buchner funnel to remove the bulk of the fat and, after removal of the ether, the flour was suspended in either three or four times its weight of distilled water, powdered thymol or a layer of toluene being added. Extraction was continued for 24 or 40 * The presence in pea extracts of one of th e com ponent enzymes was dem onstrated by Tanko (1936) ; this enzyme, referred to as a phosphohexokinase, catalyses the reversible interconversion of glucose-6-phosphate, fructose-6-phosphate and mannose-6-phosphate. hr . at 2° C, the suspension being stirred occasionally; the longer period was found to yield a slightly more active extract. After centrifuging off the solid m atter the supernatant fluid was filtered.
Trials with different extractants (e.g. 1 % potassium chloride solution, 6 % ammonium sulphate, 1 % disodium phosphate, sodium bicarbonate at pH 7-5) failed to show any advantage over the simple extraction with water a t the natural acidity of the tissue (about pH 6-2) which was adopted for routine purposes.
The crude aqueous extract contains normally about 18-20% of the original dry m atter of the peas. I t is opaque and creamy in appearance, and when stored a fine-grained sediment of protein forms in a day or two, and this deposition continues for several weeks.
Dialysis against distilled water (saturated w ith thymol) was carried out at 2° C in narrow thin-walled sacs of cellophane. The total period of dialysis was usually 24 hr.; during the first 8 hr. sacs containing 500-700 ml. extract were dialysed against about 30 1. water (in six changes) and then against running distilled water for the remaining period, the water being stirred continuously by the bubbling of a stream of air.
A precipitate which formed during dialysis was removed by centrifuging. The dialysed extract, although it contained normally only about one-third of the dry m atter present in crude extract, was still opaque, and on storage a deposition of protein occurred as in the case of crude extracts.
I t was desirable to eliminate this progressive deposition of protein for a number of reasons, chief of which was the fact th at a considerable pro portion of the phosphorylase was adsorbed by the precipitate. Thus on centrifuging an extract which had been held for 14 days at 2° C, the super natant fluid had only 5 % of the original activity; when, however, the entire suspension was added to a digest (at pH 7*5) there was a marked induction phase, due presumably to the gradual elution of the enzyme from the suspended protein, after which the reaction proceeded with approximately 90 % of the original velocity.
I t was found on treating dialysed extracts with kaolin (15-25 g. kaolin per 100 ml. extract, with stirring for 10 min., followed by gravity filtration) th a t clear yellowish filtrates were obtained which retained almost the whole of the phosphorylase activity and in which no sedimentation oc curred during storage. About 50 % of the dry m atter present in the dialysed extract was removed by the kaolin, and such cleared extracts contained normally 16-20 mg. dry m atter per ml.
The phosphorylase activity was found to decrease relatively slowly during storage at 2°, losses of the order of 30-50 % occurring in 10 days.
The pliosphoglucose conversion system was considerably more labile, and it was frequently found to be completely inactive after 10-14 days' storage.
Determination of phosphorus
Phosphorus in the form of orthophosphate was determined by the method of King (1932) , the concentrations and volumes of the reagents being suitably altered for use with a final volume of 25 ml. The colorimetric readings were made by means of an absolute photometer, extinction coefficients for light passing through a deep red filter being determined in cells of appropriate depth. The intensity of the blue colour (due to the reduction of phosphomolybdic acid) reaches a value within 20 min. which remains without detectable change for a further 15 min.; accordingly, as routine, the readings were made during this interval.
Total phosphorus was determined after combustion with perchloric acid; phosphorus in the form of acid-labile phosphoric esters was deter mined after heating for 7 minutes at 100° in the presence of 1 n perchloric acid; by this treatm ent glucose-1-phosphate, for example, is completely hydrolysed. For convenience, the following abbreviations will be used to designate the different categories of phosphorus compounds: free-P, phosphorus in the form of free orthophosphate; organic-P which corre sponds to the increase in. free-P on combustion; which corresponds to phosphate liberated during the hot acid treatm ent described above.
The progress of esterification of phosphate in enzymic digests was followed by different methods. The simplest (method 1) was to determine the decrease in free-P in the reaction mixture. Samples of appropriate volume were delivered at intervals into trichloracetic acid solution of such volume and strength as to give a final concentration of 7-8 %; the pre cipitated protein was filtered off after a few minutes, and determinations of free-P were made on suitable volumes of filtrates. The usefulness of this method is restricted to digests with relatively low initial concentrations of phosphate, since with high concentrations, even though the amount of phosphorus esterified is greater, the percentage decrease in free-P becomes too small to be followed precisely.
In order to follow the increase in organic-P in digests with relatively high concentration of inorganic phosphate it was necessary to introduce some treatment for removing the excess of inorganic phosphate. No simple method suitable for routine observations has been encountered by which it is possible to obtain a quantitative separation of all classes of hexosephosphates from relatively large amounts of inorganic phosphate. In the case of hexose-monophosphates (including glucose-1-phosphate) it was found th at by treatm ent with magnesia mixture under carefully controlled conditions inorganic phosphate could be completely precipitated with only very small losses of these esters; under the same conditions, however, fructose-diphosphate was found to be largely carried down by the pre cipitate. The inherent difficulty in the separation of fructose-diphosphate from an excess of inorganic phosphate has not proved, however, to be a serious disadvantage in the present study, and considerable use has been made of two procedures based on the removal of inorganic phosphate by magnesia mixture, these being used for following esterification under conditions in which hexose-monophosphates alone are formed.
Thus in one procedure (method 2) a portion of the trichloracetic filtrate (obtained as described above) was neutralized and subjected to treatment with magnesia mixture under the conditions devised by Kursanov (1938) . After removal of the precipitate, the organic-P was determined on a suitable volume of the filtrate.
Method 3 is a convenient simplification of method 2, the digest sample being run directly into an appropriate volume of a diluted magnesia mixture.* I t was found th at on adding 1-3 ml. of solutions similar in composition to typical samples from digests (containing 05-1-5 ml. dialysed enzyme preparation, inorganic phosphate varying from 0-02-0-10 m and known amounts of the different hexose-monophosphates) th at recoveries of hexosemonophosphate-P were approximately 95 %. In contrast when fructosediphosphate was added, only small amounts (10-30%) were recovered in the filtrate. I t may be mentioned th a t about 90 % of the small amount of phosphorus present in purified enzyme preparations was precipitated by magnesia in the presence of the amounts of inorganic phosphate mentioned.
By means of methods 2 and 3 it has been possible to survey the reactions catalysed by dialysed extracts in the presence of concentrations of phosphate up to 0-2 m, and as will be seen the main product which accumulates under these conditions is glucose-1-phosphate. Although the data obtained by these methods are remarkably consistent the results cannot be claimed to be strictly quantitative, since small losses of the order of 3-7 % are known to occur, for which no corrections have been made. The general validity of all essential points has been established by in dependent means, e.g. by the isolation of the products. * F o r exam ple, 1 or 2 m l. sam ples of digest, containing am ounts of inorganic phosphate up to 0-2 m, were delivered into 10 ml. of a solution having the following com position: 0-165% m agnesium chloride (hexa-hydrate), 0-21% ammonium chloride, 2-5% am m onia.
In the case of digests with crude non-dialysed extracts the difficulties of evolving a satisfactory system of rapid micro-analysis are so great th at this has not been attempted. In such digests the progress of esterification was followed by method 1 and the character of the products determined after their isolation in the form of the barium salts.
Conditions of reactions
Experiments were carried out at 25° C. The required volume of enzyme (normally \to ^ of the final volume of the digest), and the remaining components of the reaction mixture were brought to this temperature in separate vessels. The contents were then mixed and the vessels thoroughly rinsed with the mixture. The first sample was then withdrawn and delivered into the appropriate reagent, the delivery being started usually 0-7 min. after the initiation of the reaction. Subsequent samples were taken to define the progress curve, and from this the composition of the digest at zero time was calculated by applying a slight correction to the value obtained for the 0-7 min. point.
Usually in digests with high phosphate concentration no additional buffer was added; the phosphate buffers used were prepared from K 2H P 0 4 and NaOH. When the phosphate concentration was low, the acidity of the enzyme was previously adjusted to the desired pH, and in some experiments veronal-acetate buffers were added.
Soluble starch was used as substrate in many experiments; this was prepared by the method described earlier (Hanes and Cattle 1938).
All solutions to be used as constituents of enzymic digests were kept saturated with toluene or thymol, and a layer of toluene was added to the digests themselves. When dialysed extracts of peas are incubated at 25° either with or without the addition of inorganic phosphate, extremely small and slow changes may be observed in the partition of phosphorus compounds as determined by the different analytical methods (1-3). I t will be evident from data given in ensuing experiments th at these changes are negligibly small compared with those observed when a suitable carbohydrate sub strate together with inorganic phosphate is added. Non-dialysed extracts, when freshly prepared, exhibit a slight esterification, which is presumably due to the presence of a trace of carbohydrate substrate. This disappears either on storage or on dialysis.
In the experiments to be considered in this section relatively high con centrations of inorganic phosphate were added, the initial concentrations in the reaction mixtures amounting to 0-1 m or more. Under these con ditions, as will be shown later, the activity of the phosphorylase, leading to the formation of glucose-1-phosphate, is high, whereas the subsequent conversion to hexose-6-phosphates is strongly inhibited.
Observations are given in table 1 on a series of digests to which soluble starch and different sugars were added. The enzyme was a dialysed extract, 10 ml. being added to each digest of 20 ml. The initial phosphate concen tration was 0-125 m and the pH 7-5. I t is clear th a t when soluble starch was added (no. 2) considerable esterification of phosphate occurred, whereas with additions of glucose, fructose or sucrose (nos. 3-5) the changes in organic-P were small and of the same order as those occurring without added carbohydrate (no. 1). W ith maltose (no. 6), however, appreciable esterification took place, although the velocity and amount of the esterification were much smaller than with starch, despite the approximately fourfold difference in the concentration of these substrates.
In a continuation of this experiment, the effect of the presence of these different sugars together with soluble starch was examined. Glucose and fructose in 2 % concentration (nos. 8 and 9) both caused an appre-ciable inhibition initially, but whereas the glucose effect became more pronounced in the course of the reaction, the inhibition by fructose became smaller and there appeared finally to be a slightly increased esterification (cf. also no. 4). With added sucrose (no. 10), a very slight initial inhibition increased progressively. (It is possible that the sucrose was being hydro lysed during the period, but this was not determined.) In the case of maltose (no. 11) the velocity in the early stages was intermediate between the values for starch and maltose separately, but the final value exceeded con siderably that observed for starch alone; it was rather less than the sum of the values for the two substrates added separately-8-8 mg. as compared with 9-9 mg. phosphorus. In the next experiment (figure 1) a comparison was made of the esterifi cation which occurred when a range of starch products was added as sub strates. These included starch paste, soluble starch, a variety of dextrins, and maltose, each of which was added in the same concentration (30 mg. per 20 ml. digest). The enzyme was a dialysed kaolin-treated extract of which 10 ml. was added per 20 ml. digest.
The starch paste was prepared from ether-washed potato starch. Two of the dextrin substrates were prepared by subjecting starch paste to the action of a highly purified preparation of a-malt-amylase. In one case the action was arrested when the iodine colour had become red-violet; in the other it continued to the stage when there remained no iodinestaining dextrins. The reducing powers of these two dextrin mixtures, respectively, were found to be 7-6 and 16-4 (glucose = 100), corresponding to mean values for chain lengths of 13 and 6 glucose units. On the basis of previous experience in the fractionation of the products of action of a-maltamylase, it may be stated th at no undegraded starch remained in either the red-violet staining or the achroic dextrin preparations, and that maltose (and glucose) were virtually absent from both. In both cases they consisted of disaggregated fragments of the chain molecule of starch terminated by free reducing groups, i.e. reducing dextrins.
Another dextrin mixture was prepared by utilizing the amylase of moderate activity which is present in the pea phosphorylase preparation itself. This was done by adding the appropriate amount of soluble starch to the extract in the absence of phosphate. After 95 min. at 25°, phosphate was added, and observations on the phosphorylation system begun. By this time, as was determined on a control digest, the iodine colour had changed to red, and the reducing power of the dextrins was 14.
Finally, a-amylodextrin, which exemplifies a class of non-reducing dextrin in which the molecular chains retain a highly aggregated condition, was added. a-Amylodextrin represents a fragment of the chain molecule of starch (with a chain length of 11-12 glucose units) which remains after the completed action of /?-malt-amylase on starch and which after isolation is resistant to hydrolysis by this amylase (Haworth, Hirst, Kitchen and Peat, 1937; Hanes 1937) .
Progress curves showing the esterification of phosphorus in these digests are plotted in figure 1. I t is clear th a t the phosphorylase from peas is able to act upon all of these varied products from starch, although in the case of maltose (no. 18) the amount of phosphorus esterified was small, the change during the first 335 min. being barely significant.
W ith starch paste (no. 12) the initial rate of the reaction was slightly lower than th at occurring with soluble starch (no. 13) and certain of the dextrin mixtures, but the final extent of conversion exceeded that observed with all other substrates. The red-violet staining dextrin (formed by a-maltamylase) and soluble starch (nos. 14 and 13) exhibit almost identical pro gress curves; and again, at a lower level of conversion, the achroic dextrin mixture (formed by a-malt-amylase) (no. 15) and a-amylodextrin (no. 17) gave somewhat similar results. The rose-staining dextrin mixture formed by the action of the pea amylase (no. 16) was esterified more slowly than the other dextrins, but the final conversion was about the same as th at for the achroic dextrin mixture (no. 15).
In addition to the range of substrates for which data have been given above it has been found that esterification also occurs with additions of glycogen. Experiments with different specimens of glycogen, however, have given such variable effects as regards the rate and extent of conversion that the presentation of the data will be deferred until more observations are available.
These results indicate th at the pliosphorylase from peas is able to act upon a much wider range of carbohydrate substrates than is generally believed to be the case with the phosphorylases from muscle and yeast (cf. Parnas 1937; Euler and Bauer 1938) . These latter enzymes in fact are said to exhibit a fairly strict specificity for undegraded glycogen and starch.
In the case of the phosphorylase from peas it seems th at almost any saccharide composed of a-glucopyranose units linked in positions 1 and 4 (as in maltose) may serve as substrate, regardless of the length of the chain and whether or not the saccharide chains exist in the form of highly colloidal aggregates or in the free form terminated by reducing groups. A consideration of the results so far available suggests th at the rate and extent of the conversion of oligo-saccharides is appreciably less than th at of longer and more complex chain fragments.
(b) The breakdown of starch in the presence and absence of phosphate
Using a rigorously dialysed extract of peas which contained virtually no inorganic phosphate (less than 0-01 mg. free-P per ml.), a comparison was made of its action on soluble starch at pH 7-5 without added phosphate and in the presence of 0-1 m phosphate (digests 19 and 20). It may be assumed that in the former the breakdown of starch which occurred was exclusively hydrolytic in character, catalysed by the amylase system present in the extract; in the latter, the breakdown was due to the com bined action of the amylase and the phosphorylase.
In this experiment the action in digest samples was arrested, and pro teins were precipitated by delivery into boiling w ater; after cooling, a small amount of acetic acid was added, the samples were brought to 25 ml. and then filtered.
Observations made on aliquots of such filtrates from the two digests are given in table 2 and in figure 2. These include determinations of the increase in reducing power (by a copper reagent of the type described by Somogyi (*937)) and of the extent of esterification of phosphate (by method 2). Finally, quantitative measurements were made on the iodine colouring property by the procedure described elsewhere (Hanes and Cattle 1938 from this amount) diluted to 100 ml. after the addition of 10 mg. iodine with 15 mg. of potassium iodide. As in previous work, the absorption values are expressed in terms of the increase in the extinction coefficients which results from the formation of the coloured polysaccharide-iodine complex.
To consider first digest 19 (without phosphate), certain deductions may be drawn regarding the nature of the amylase system present in the extract. The transformations in the extinction-A curves (figure 2 A) are of the type which occurs during the action on starch of amylases of the a-or dextrinogenic class. Thus a closely similar sequence of changes is observed during the action of a-malt-, Aspergillus, salivary, and pancreatic amylases (cf. Hanes and Cattle 1938), there being initially a considerable fall in the 12-values toward the red end of the spectrum while the absorption in the violet and blue remains unchanged; later the values decrease over the whole spectrum but more rapidly in the longer wave-lengths.
It is clear from the increase in reducing power th at the substrate is converted ultimately into extremely short chain fragments including an appreciable proportion of glucose. Thus the observed reduction values after 360, 1500, and 3180 min. correspond respectively to the liberation of 1 reducing group per 3, 1-6 and 1-5 glucose units of the original substrate. These facts, together with preliminary observations on the dextrins which are formed, suggest th at under the action of the pea amylase starch is rapidly disaggregated and is then cleaved into chain fragments terminated by free reducing groups. These reducing dextrins, complex at first and exhibiting blue or violet colours with iodine, are further fragmented yielding red-or orange-staining dextrins and finally achroic products. The hydrolysis continues long after the achroic stage is reached.
In the corresponding digest with added phosphate (no. 20) extensive esterification occurred (table 2). The increase in proceeded steadily until it amounted to approximately 5 mg. P per 20 ml. digest, after 360 min. reaction. At this time practically the whole of the esterified-P was in the acid-labile form, but on prolonged incubation, e.g. 1500 and 3180 min., the ratio 7 -m i n .
-P/ organic-P fell respectively. Anticipating to some extent the proof afforded in subsequent sections, it may be stated th at glucose-1-phosphate formed the exclusive product of the esterification up to 6 hr., but th at at the later stages ap preciable proportions of this ester had been converted into the reducing hexose-6-phosphates.
The esterification of 5 mg. P with the formation of hexose-monophosphate requires 29 mg. hexose (or 26*1 mg. anhydrohexose). Since 20 ml.
of digest contained initially 60 mg. starch, the extent of its transformation into glucose-1-phosphate amounted to 43-5%.
Accompanying this conversion of a considerable portion of the substrate into the non-reducing glucose-1-phosphate (under the action of the phosphorylase), it is clear from the reduction values th at the action of the amylase was but little affected by the addition of 0-1 m phosphate. Thus in the first 6 hr. the increases in reducing power in digest 20 were only slightly lower than those observed in digest 19. Later, however, when appreciable amounts of glucose-1-phosphate had been converted into the reducing hexose-6-monophosphates, the reduction values in digest 20 considerably exceeded those in digest 19. I t will be noted th at almost the whole of the substrate was converted ultimately into hexose unitspartly in the form of hexose-monophosphate * and partly free glucose.
Despite the fact th at the rate of action of the amylase was approximately the same in the two cases, it is clear th at the rate of alteration in the iodine colouring property was greatly accelerated by the addition of phosphate. I t follows, therefore, th at the breakdown process catalysed by the phosphorylase causes per se a transformation of the iodine colour, indicating a direct attack upon complex iodine-staining dextrins.
The type of alteration in the iodine-colouring property resulting from the action of the phosphorylase is a m atter of interest. This is shown clearly by a comparison of the extinction-A curves for the two digests in figure 2. In the presence of phosphate, not only did the extinction values fall more rapidly, but the type of change in the extinction-A curves is different. Thus from the early stages of the reaction, the ^-values decrease over the whole spectrum.
This type of alteration in the extinction curves had previously been encountered only during one particular type of enzymic decomposition of starch, namely, th at occurring under the action of the saccharogenic (/?) malt amylase, and it is possible to reproduce extremely closely the sequence of changes observed in digest 20 by degrading starch under the action of an appropriate mixture of /?-malt-amylase together with an amylase of the a-dextrinogenic type.
Evidence has been advanced elsewhere which shows th at the degradation of starch under the action of /?-malt-amylase consists exclusively of an end-wise attack in which maltose is liberated by the cleavage of successive * Since the reducing power of th e hexose-6-phosphates is probably less th an th a t of th e equivalent am ount of free hexoses, as judged by the values obtained by Robison (1932) who used an alkaline ferricyanide reagent, the actual conversion level m ay have been slightly higher th a n indicated by th e final reduction value.
terminal pairs of glucose units from the non-aldehydic end of the molecular chain; and further that the peculiarities in the resultant changes in the iodine-colouring property are a reflexion of this purely terminal type of degradation (Hanes and Cattle 1938). The present observations thus suggest strongly that the action of the phosphorylase upon starch and dextrins consists also of an end-wise attack at one end of the chain structure with the liberation of the individual glucose units in the form of glucose-1-phosphate.
This conclusion is in harmony with the hypothesis advanced by Parnas (1937; cf. also Cori, Colowick and Cori 1938) in explanation of the forma tion of glucose-1-phosphate from glycogen under the action of the phos phorylase of muscle; according to this hypothesis the transformation consists essentially in a process of " phosphorolysis " in which the ions H + and (H2P 0 4)~ or (K2P 0 4)-take part directly in the cleavage of glucosidic linkages (in a manner analogous to the hydrolysis of such linkages by reaction with H + and OH-).
Thus, assuming the constitution of glucose-1-phosphate to be a-glucopyranose substituted in position 1 by phosphoric acid, this ester would be formed directly by the phosphorolytic cleavage of terminal glucose units from the non-aldehydic end of a-glucopyranoside chain-molecules.
This conception that a direct phosphorolysis of saccharides underlies the formation of glucose-1-phosphate finds support from a number of observations made on the phosphorylase of pea seeds which will be sum marized later. The pH-activity relationship of the phosphorylation process has been found to vary, depending upon the concentration of inorganic phosphate. This is shown in figure 3 , in which are plotted data from an experiment with a relatively low phosphate concentration-A, and one with a high concentration-B. The digests in the former contained 5 ml. dialysed extract, 60 mg. soluble starch, and, initially, 6-8 mg. free-P per 20 ml. (i.e. 0-011 m phosphate). The progress of esterification was followed by method I. Under these conditions, owing to a relatively rapid falling off" in rate, an evaluation of the initial velocity is difficult; accordingly, the values for esterified-P after different reaction intervals are plotted against the initial pH of the digests. The initial pH values ranged from 6-1 to 7-8; these were found to shift slightly to the acid side in the course of 24 hr. reaction in digests having an initial pH of 7 or more, but these changes were insignificant for the present purposes.
The data shown in figure 3B were obtained in a series of digests in which the initial phosphate was 0-1 m. In these a kaolin-cleared dialysed enzyme (10 ml.) was acting on 36 mg. of soluble starch in digests of 20 ml. Under these conditions the esterification proceeded at an approximately constant rate for an initial period of 1-2 hr. permitting a fairly precise evaluation of the initial velocity. The observations on digests with low phosphate indicate optimal activity in the region of pH 7* 1-7*3 for the early stages of reaction; whereas the data for high phosphate exhibit a broad zone of highest activity in the region of pH 6*4-7*0.
The probable explanation of this dependence of the pH optimum upon the concentration of phosphate is th a t with low phosphate concentrations the conversion of glucose-1-phosphate to hexose-6-phosphates is pro ceeding rapidly with consequent diminution in the rate of the reaction: glucose-1-phosphate-> starch + phosphate. Thus, the observed pH relation ship is the resultant of the combined effects of pH upon the phosphorylase and the phosphoglucose conversion system. With high phosphate, however, the phosphoglucose conversion system is strongly inhibited, and the observed effects of pH represent almost exclusively the effects of this factor on the phosphorylase.
(ii) Concentrations of starch and enzyme.
In the experiments included in table 3 the effects are shown of variations in a number of reaction conditions. In digests 21-27 the concentrations of soluble starch, phosphate, and enzyme have been varied. No. 27 , without added starch, exhibited barely significant increases in organic-P.
Comparing nos. 22 and 24 it will be seen that by decreasing the amount of enzyme to one-half, other conditions being constant, the initial rate of Vol. 128. B. 29 the reaction is approximately halved, but the final extent of the conversion is unaltered.
From nos. 22 and 23 it will be seen that increasing the initial concen tration of phosphate from 0-1 to 0-2 m inhibits considerably the velocity of the reaction, although the final level of esterified-P was slightly (possibly not significantly) higher. It has been mentioned earlier (cf. also p. 428) that high phosphate concentration strongly inhibits the conversion of glucose-1-phosphate to hexose-6-phosphates; it will be seen from the values 7 organic-P for these digests th at the inhibition of the phosphoglucose con version system was not complete in digests 22 and 23, but that it was greater with 0*2 than 0-1 m phosphate. In digests 21, 22, 25 and 26 the concentration of soluble starch was varied over a wide range. Curves showing the progress of esterification in these digests are given in figure 4 , and in addition two progress curves obtained in other experiments (with different enzyme preparations) in which inter mediate concentrations of starch were used.
Although these data do not permit a precise evaluation of the initial reaction velocity, it is evident from figure 4 th at this is not appreciably altered by variations in starch concentration from 0-06 to 0-72%. It is probable, therefore, th at the pliosphorylase exhibits a relatively high affinity for starch, considerably higher, for example, than the and /?-amylase from malt.
Typically the progress curves show an initial phase during which the velocity falls only slightly; this is terminated by a phase of rapidly de creasing velocity, and (except in digest 21 with the highest starch con centration) a constant final value was reached in the period under obser vation.
From these final levels of esterified-P the extents of conversion of the substrate into hexose-monophospliate have been calculated (1 mg. esteri fied-P = 5-22 mg. anhydrohexose). It is found th at the percentage con version of soluble starch into hexose-monophosphate varies considerably with the concentration in which it is added; for the digests shown in figure 4 With increasing concentrations of starch, the proportion converted into hexose-monophosphate diminishes progressively. The present data do not permit a full analysis of this effect but certain points deserve mention. There is considerable evidence which suggests, for example, that the final conversion value attained for a particular concentration of starch is not related to extent of the transformation of glucose-1-phosphate into hexose-6-phosphates; thus the final conversion value has been found to be remarkably constant with different enzyme preparations in spite of large variations in the activity of the phosphoglucose conversion system ; it may be shown, for example, by the addition of Mg++ (cf. digests 28 and 29) th at the resultant activation of the phosphoglucose conversion system is without effect upon the extent of esterifi cation.
The available data indicate that in digests with high phosphate concen tration and small amounts of starch the cessation of esterification is due to the disappearance of suitable carbohydrate substrates for the phosphorylase. The dependence of the conversion limit upon the initial starch concen tration under these conditions appears to arise from the competitive action of phosphorylase and amylase on the available substrates (starch and dextrins). Whereas the complex dextrins formed by the action of the amylase are readily acted upon by the phosphorylase, it was made clear earlier that simpler dextrins are esterified to a lesser extent, and th at glucose (which is formed in considerable amount by the amylase) is not acted upon at all. Thus if the amylase exhibits a higher affinity for the substrate than the phosphorylase, an effect of the type observed would be expected to occur. On the other hand, when relatively high concentrations of starch are added, the esterification proceeds until a state of equilibrium (governed by the relative concentrations of inorganic phosphate and glucose-1-phosphate) is attained; this will be made clear in a subsequent communication.
Finally, in connexion with the data given in table 3, attention is drawn to a feature illustrated in digests 30 and 31, which has been observed repeatedly.
I t is found th a t the degree of dilution of the enzymic extract added to digests with high phosphate concentration affects differentially the formation of glucose-1-phosphate, on the one hand, and the subsequent conversion of this product into hexose-6-phosphates, on the other. When a relatively small volume of enzyme is added (e.g. to ^ of the total volume of digest), the rate of action of the phosphorylase is approximately that expected on the basis of a linear relationship between enzyme concentration and reaction velocity, whereas this appears not to hold in the case of the phosphoglucose conversion system. For example, in digest 30, to which a fresh preparation of a kaolin-treated, dialysed enzyme was added in the proportion of 10 ml. in a 20 ml. digest, the conversion of glucose-1-phosphate to the hexose-6-phosphates had proceeded to an appreciable extent in 200 min. In digest 31, carried out simultaneously, the same extract was added at the rate of 1-8 ml. in 20 ml. digest, and here it will be seen the ratio 7 -min.-P/organic-P did not fall significantly during a prolonged re action period.
While it may be suspected th a t this effect is due to the dilution of a co-enzyme of the phosphoglucose conversion system (e.g. Mg++) which may be present in very low concentration in dialysed extracts, no direct experi mental evidence is yet available. As will be seen in the following section, however, use has been made of this effect in large-scale digests carried out for the preparation of glucose-1-phosphate.
I (d)
The isolation of the hexose-phosphates formed from starch by the action of extracts of peas Observations will now be described on three digests (nos. 31-33), in which the reaction conditions were adjusted so as to result in the ac cumulation of the different hexose-phosphates which represent successive stages in the transformation of starch to hexose-diphosphate.
(i) The formation and isolation of glucose-1-phosphate.
In digest 31, of which the final volume was 10 litres, 900 ml. of kaolincleared dialysed extract was allowed to act upon 75 g. (dry basis) of soluble starch at pH 6-8. The initial concentration of phosphate was 0-125 m.
The progress of esterification was followed by method 2 and the ob servations have already been given in table 3, no. 31 (where for convenience they were expressed on the basis of 20 ml. digest).
After 40 hr. reaction the analyses indicated the esterification of 4-22 g. P per 10 1., of which 99 % was in the form of This would corre spond with the formation of 50-2 g. of the crystalline potassium salt of glucose-1-phosphate (in which form the ester was isolated).
At this time the action was arrested by the addition of 50 ml. 1 % iodine solution, and the digest was concentrated by a process of removal of water by freezing. This was accomplished by allowing it to stand at -10° C with occasional stirring to reduce the masses of ice crystals to an even slush. The liquid was separated from the ice crystals on a centrifugal machine (fitted with a perforated basket), and in order to wash the ice, this was allowed to thaw slightly, and the resultant liquid again separated. By this means the digest liquor was concentrated to 21. without loss of l-min.-P.
The inorganic phosphate was now removed by the addition of 1-25 g.mol. of magnesium acetate followed by ammonium hydroxide in slight excess of the calculated amount. After 2 hr. the precipitated phosphate was filtered off; the residue was washed by suspending in 300 ml. water and again filtering. The washing was recombined with the main filtrate. To this solution was added 35 g. barium acetate (dissolved in 100 ml. water) followed by 2 vol. of 95 % alcohol. After 15 hr. the precipitate of the crude barium salt was removed by centrifuging and, without drying, was sus pended in 600 ml. water.
The next treatment was evolved as the simplest means of removing the impurities associated with the barium salt, namely, dextrins and protein.
The suspension was acidified to pH 1-0 by the addition of 2 n sulphuric acid and then reneutralized to pH 4-0 with 2 isr potassium hydroxide. After standing for 2 hr. with occasional stirring, 26 g. powdered trichloracetic acid was added and dissolved by stirring. Two volumes of 95 % alcohol were now added, and after half an hour the precipitate, consisting of barium sulphate, protein and dextrin, was removed on the centrifuge. The precipitate was washed by suspending in 200 ml. 80 % alcohol, and after centrifuging the supernatant was combined with the main liquor.
The acid alcoholic solution (amounting now to a volume of about 21. and containing approximately 60 % alcohol) was brought to faint alkalinity by the addition of strong potassium hydroxide (96 ml. of 25% solution required). Crystallization of the potassium salt of glucose-1-phosphate began almost immediately, and this was allowed to proceed overnight at 0° C. The crystalline product was collected and dried to constant weight in vacuo over calcium chloride. The yield was 43 g. representing 86% of th at calculated from the analyses on the original digest.
In this particular experiment no attem pt was made to recover the further small amounts of ester present in the different mother liquors and pre cipitates, but this has been done in other smaller scale digests, and in one case a yield of 93 % of the crystalline product was obtained.
The observations on digest 31 have been chosen for description in th at the procedure adopted in this case represents the simplest method that could be devised for obtaining a reasonably high yield of the product in a state of high purity. This procedure embodies certain features which were used by Kiessling (1938) for the isolation of this same product from digests of glycogen by muscle extracts, and it should be stated that, as a preliminary to any attem pt to isolate the product from digests by the pea system, this preparation with muscle extract was repeated carefully with results in agreement with Kiessling's observations. The considerable modifications in procedure which have been introduced are necessitated by the different character of the accompanying impurities and by the larger scale of the experiments.
After its first crystallization the product, as obtained in digest 31, consists to the extent of 97-98% of the dipotassium salt of glucose-1-phosphate (with two molecules of water of crystallization). Recrystal lization was normally carried out by dissolving the salt in 20 times its weight of water and adding an equal volume of absolute alcohol. As before, crystallization was allowed to proceed for a few hours at room temperature and then overnight a t 0°.
The following observations were made on a recrystallized specimen: Moisture content. Crystals, first dried to constant weight in vacuo over calcium chloride, lost 9-68 % of their weight a t 110° vacuo (with P20 5 in a side vessel). C6Hu 0 5. P 0 4K 2.2H20 requires 9*64% water.
Drying to constant weight at 56° in vacuo (1 mm.) removed only 1 mol. of water (observed loss 4-95 %; calculated 4*82 %) and only a small further loss (0-40%) occurred during 3 hr. at 80°; the second molecule of water was removed rapidly at 100°.
Rotation.
[a]^° + 76-7° for crystalline salt (c = 1T23), + 85° for anhydrous salt, dried at 100° in vacuo (c = 0*716). These values are in exact agreement with those found for a recrystallized specimen of the dipotassium salt moisture content 9-65%, isolated by Kiessling's method from a digest of glycogen by muscle extract.
Phosphorus. Apparent free-P, after 20 min. contact with 0-77 n per chloric acid contained in the reagent, 0-21 %; after 40 min. contact, 0*32 %.
Total-P, after combustion, 8*35 %. l-min.-P,8-32%. Calculated for C6HU0 5.P 0 4K2.2H20, 8-31 %. Products of hydrolysis. The reducing power of the recrystallized salt was less than 0T % th at of glucose (amounts up to 10 mg. showed no reducing power to an alkaline copper reagent under conditions in which 0-01 mg. glucose was detectable).
5 ml. of a 4-00% solution of the crystalline hydrate were heated for 7 min. at 100° with 1 ml. 6 n HC1. This was neutralized and made to 25 ml. The reducing power of this solution was now found to be equivalent to 3-82 mg. glucose per ml. and the rotation (1=2 dm.) was + 0*41° (calculated for glucose liberated from CeHjjO5.PO4K2.2H2O, glucose 3*86 mg. per ml.; r = +0-415°).
Further investigations now in progress are aimed at the establishment of the configuration of this ester; meanwhile the above observations, together with its behaviour in a variety of enzyme systems, serve to estab lish its identity with the glucose-1-phosphate described by Cori and Cori (1936) and Kiessling (1938) .
(ii) The formation and isolation ofhexose-6-phosphates.
In digest 32, of which the initial volume was 2T, 200 ml. of a dialysed extract (corresponding to 48 g. original pea flour) was allowed to act on 25 g. soluble starch at pH 7-5. The initial concentration of phosphate was 0*01 m (= 620 mg. P in all) and 0-002 m magnesium chloride was also added. After 15 hr. reaction a further addition of phosphate equal to the amount present initially was added.
After 43 hr. reaction at 25°, protein was precipitated by the addition of trichloracetic acid to give a concentration of 5 %. Analyses of the filtrate showed it to contain 309 mg. free-P, 1005 mg. organic-P, of which 58 mg. reacted as l-min.-P. Thus 75 % of the added inorganic phosphate had been esterified. Of the 1005 mg. organic-P, 57 mg. were accountable by the acidsoluble organic-P which was found to be present in the enzyme added to the digest. Thus the increase in organic-P amounted to 948 mg.
The acid filtrate was brought to pH 6-5 with 10% sodium hydroxide and 75 ml. 40% barium acetate were added. A slight precipitate formed which contained mainly inorganic phosphate. Alcohol to give a concen tration of 10% was added and the pH was adjusted to 8-0. Only a trace of precipitate was formed and it was found th at only 50 mg. organic-P was removed during these two operations, indicating th at no significant amounts of hexose-diphosphate were present.
Alcohol was added to give a concentration of 70% and the copious precipitate which resulted was collected and dried. This product (20T g. dry weight; 3-98% organic-P) contained 89% of the esterified-P.
The separation of the hexose-phosphates from this material, the principal contaminant of which was dextrin, occasioned considerable difficulty. The most successful method of removing the dextrin was to dissolve the crude product in water, discarding a small amount of insoluble material, and to adjust the solution to pH 2-2*5 with sulphuric acid; then, after removing barium sulphate, 3 vol. of 95% alcohol were added, whereby a syrupy precipitate of dextrins was formed. The latter material contained ap preciable quantities of organic-P and it is not possible as yet to state whether or not this was due exclusively to the occlusion of hexose-phosphates during the precipitation, although this is thought to be probable. The main portion of the organic-P remained in the acid alcoholic supernatant liquor, from which it was recovered, together with a small amount of barium sulphate, by the addition of barium acetate, the solution being first brought to a faintly alkaline reaction with sodium hydroxide. The barium sulphate was then eliminated by dissolving the product in water, centri fuging, and reprecipitating the dissolved material with alcohol.
After a single application of this treatm ent to a portion of the crude material, a product containing 70 % of the original organic-P was obtained which had the following properties: Ba content, 33 %; organic-P, 6*40 %; O H f+ 13-70.
A repetition of this acid-alcohol treatm ent was followed by two pre cipitations of the barium salt from neutral solution, and then treatm ent in aqueous solution with a small amount of blood charcoal (at room tem perature). The barium salt, which was then precipitated with alcohol and dried, was found to give analytical values approaching those for the barium salt of a hexose-monophosphate.
The following values expressed on the basis of anhydrous material were obtained on analysis:
Ba content, 36% ; organic-P, 7-1 %; 0-05%. Specific rotation, [a]|}0-t-120 (c = 0*7; 1 = 4 dm.). Reducing power (glucose = 100): (a) by copper reagent (Somogyi 1937)* 30*5; (b) by hypoiodite (Macleod and Robison 1929), 25-0. Apparent fructose (by a modified HCl-resorcinol method), 6-7.
Hydrolysis of organic-P at 100° in 1 n HC1 (c = 0-32 mg. organic-P per ml.). 120 min., 25 %, 180 min., 29% hydrolysed.
These data establish the close similarity of the product with the mixture of barium salts of liexose-6-phosphates isolated by Robison (1922) from a yeast preparation.
In the present experiment the product as analysed contained approxi mately 60% of the phosphorus which was esterified in digest 32; the possibility is accordingly not excluded that other esters may have been formed. Further investigations of the reducing hexose-monophosphates which are formed from glucose-1-phosphate by the action of dialysed extracts are in progress.
(iii) The formation and isolation of hexo
The isolation of hexose-diphosphate requires only brief mention since this constitutes merely a confirmation of the findings of Tanko (1936) . The conditions of reaction differed from those adopted by Tanko in th at a smaller amount of pea flour (in suspension) formed the source of the enzyme and th at soluble starch was added as substrate.
Thus in digest 33, of which the final volume was 1-5 1. and the pH 7-5, 37 g. pea flour, 18 g. soluble starch, and 0*01 m phosphate were added initially. After 18 and 36 hr. further equal additions of phosphate were made.
The total inorgahic phosphate, including that present in the pea flour, was equivalent to 1425 mg . f r e e -P .O f this, 1010 mg. was esterified during 48 hr. action. At this time proteins were precipitated with trichloracetic acid and the filtrate was found to contain 1450 mg. organic-P, of which a considerable part must have been derived from phosphorus-containing compounds in the pea flour.
Attention was directed solely to the fraction of which the barium salts were insoluble in 10 % alcohol. The trichloracetic acid filtrate was neutralized and the precipitate, which consisted largely of phytin, was removed and discarded. Barium acetate and alcohol to 10% concentration were then added to the clear solution. The resultant precipitate was suspended in water, the acidity was adjusted to pH 3-0 and a small amount of insoluble material was removed. The solution was next adjusted to pH 4-0 and the crude acid barium salt was thrown down by the addition of 4 vol. of alcohol. This product (9-8 g. dry matter) contained 730 mg. organic-P.
A repetition of the precipitation from acid alcohol failed to effect any considerable purification and the product was then converted into the neutral barium salt. Analysis showed it to be still impure, the main con-tam inant being apparently barium phosphate ( ,7 -2 % ; free-P, 2-1 %). Observations on the rate of hydrolysis of the esterified phosphate present in this fraction showed a close agreement with the values reported for pure fructofuranose-1 : 6-diphosphate. These observations, which are given in table 4 together with the nature of the procedure used in isolating the fraction, indicate clearly th at the esterified phosphate was in the form of the fructofuranose-l : 6-diphosphate. A closer characterization of specimens formed by the action of purified enzyme preparations on hexose-monophosphates will be described later.
(e)
The synthesis
The reversibility of the first step in the chain of reactions surveyed above is readily demonstrated by a simple experiment with a filtered, aqueous extract from ground peas. When a small amount (e.g. 3-10 mg.) of the potassium salt of glucose-1-phosphate is added to 2-3 ml. of such an extract, the synthesis of polysaccharide soon becomes evident if portions of the solution are tested at intervals with dilute iodine. Within a few minutes a mauve colour is given on the addition of iodine. Subsequent samples exhibit a purple iodine colour and this rapidly becomes more intense as the reaction proceeds. Later, for example after one hour, a red-violet colour is observed, and symptomatic of a progressive degradation of the polysaccharide this becomes rose, orange and finally no coloration is developed.
An investigation of the reactions underlying this effect has revealed th at the addition of glucose-1-phosphate to a crude extract of pea flour initiates a complex set of processes. The following main reactions are recognizable:
(1) Glucose-1-phosphate is transformed progressively, and apparently irreversibly, into reducing hexose-6-phosphates.
(2) After a short induction period, glucose-1-phosphate is transformed into a polysaccharide, resembling starch or a complex starch-dextrin exhibiting a purple iodine colour, and inorganic phosphate is liberated.
(3) The polysaccharide (formed in reaction 2) is progressively hydrolysed by the action of amylase present, with the formation of dextrins of varying complexity.
(4) Hexose-6-phosphate (formed in reaction 1) is transformed slowly into hexose-diphosphate by esterification at the expense of inorganic phosphate (present initially in the extract and formed in reaction 2).
(5) When the concentration of glucose-1-phosphate falls to a certain level (as a result of reactions 1 and 2) reaction 2 ceases, and on further reduction in the amount of this ester (by the continuance of reaction 1) the reversal of reaction 2 sets in; th at is, the re-conversion into glucose-1-phosphate of the polysaccharide previously formed in reaction 2, and dextrins formed from it (in reaction 3).
By varying the conditions of reaction and by different preliminary treat ments of the extract it has been possible to alter enormously the relative velocities of these different reactions. For example, at pH 8-8-5 reaction 1 proceeds rapidly while the velocity of reaction 2 is negligibly small; at about pH 6-4 the velocity of reaction 2, relative to th at of reaction 1, is maximal. Again on storing dialysed extracts (without kaolin-treatment) at 2° C, the activity of the phosphoglucose conversion system falls much more rapidly than th at of the phosphorylase; after 8-15 days' storage, several extracts were found to be devoid of the former. In these cases, only reactions 2 and 3 occurred on the addition of glucose-1-phosphate, and it was found th at reaction 2 proceeded until 60-65 % of added ester was transformed into polysaccharide and inorganic phosphate, the ratio free-P/free-P + 7-min.-P attaining a steady value of about 0-8. It was possible by pre-treating such extracts with low concentrations of iodine, or copper sulphate, to inhibit the amylase almost completely while a some what feeble phosphorylase activity remained; in such extracts, reaction 2 proceeded slowly, with a virtual absence of reaction 3, and it was observed under these conditions th at the colour given with iodine was initially a faint green; this changed to a brilliant blue, which in increasing intensity persisted for prolonged periods (e.g. 24 hr.) before indications of degradation of the polysaccharide became apparent. Observations on such extracts indicated that the final level of conversion attained is but little influenced by the presence or absence of amylase, but is markedly influenced by the concentration of inorganic phosphate.
While such experiments have served to establish the general character of the reactions which occur, it became evident th at for a detailed analysis of the equilibrium between glucose-1-phosphate, on the one hand, and starch and inorganic phosphate, on the other, it was essential that the phosphorylase should be isolated in an active form, free from both the amylase and the phosphoglucose conversion system. This object has been achieved recently and the investigation of the system is in progress. One striking fact which has emerged in preliminary experiments with these preparations is th at the polysaccharide is actually deposited from solution in the form of small rounded granules, which stain a deep blue colour with iodine. These granules which are often surrounded by a light flocculent material, apparently protein in nature, appear in the clear enzyme solution during the course of the reaction.
Conclusions
The foregoing experiments constitute a preliminary survey of a system of enzymes from pea seeds which, in the presence of inorganic phosphate, catalyses the formation of hexose-phosphates from starch, various dextrins, and maltose.
The first recognizable step in the process is the formation of glucose-1-phosphate which, under suitable conditions, accumulates as the sole product of the process of esterification. The isolation of this ester in the form of the crystalline potassium salt has been described. I t appears to be identical with the glucose-1-phosphate which is formed as the primary product of esterification during the action of the phosphorylase of muscle on glycogen.
A number of observations support the conception which was advanced by Parnas (1937) in connexion with the phosphorylase of muscle, that glucose-1-phosphate arises by a process of direct phosphorolysis of the saccharide chains of the substrate.
Thus, although the phosphorylase from peas acts upon a wide range of saccharides of the starch-maltose series, it has been shown th at the more complex molecules are esterified more rapidly and to a greater final extent than are simpler dextrins or maltose. Evidence th at starch and complex iodine-staining dextrins participate directly in the reaction is afforded by the demonstration th at the action of the phosphorylase results se in a decrease in the iodine colour. Furthermore, the change in the iodine colouring property of the substrate is of the type which would be expected to occur during an end-wise degradation of the chain molecules. These observations, together with the fact th a t glucose is not esterified, are thus in harmony with the hypothesis th at the a-glucose chains are degraded by the phosphorolytic cleavage of terminal glucose units, these being liberated successively (from the non-aldehydic chain-ends) in the form of glucose-1-phosphate.
The transformation of starch into glucose-1-phosphate has been found to be a reversible reaction. Thus when glucose-1-phosphate is added to an extract from peas it becomes partially converted into a polysaccharide which resembles starch, and inorganic phosphate is liberated. A detailed analysis of this reaction has been deferred until further data, obtained with more highly purified preparations of the phosphorylase, are available.
In an alternative reaction, glucose-1-phosphate is converted into reducing hexose-monophosphates, of which a considerable proportion has been shown to consist of 6-phosphoric esters of glucose and fructose. This transforma tion is catalysed by two or more enzymes which have been referred to as the phosphoglucose conversion system.
Finally, when crude extracts of peas are allowed to act upon starch, in the presence of inorganic phosphate, fructofuranose-1 : 6-diphosphate is formed. This ester is not formed, however, when dialysed extracts are used. I t seems likely th a t a dialysable co-enzyme is required by the mechanism concerned in this phosphorylation but the question requires further investigation.
I t is too early as yet to attem pt any detailed evaluation of the part played in the metabolism of plants by enzymic mechanisms of the type disclosed in this preliminary study. There seems little doubt, however, th at the particular interconversions of carbohydrate forms, which have been shown to occur so readily under the action of the enzyme system of peas, will be found to throw light on the known peculiarities of the so-called " starch-sugar " balance in plants and on the production of the substrate of glycolysis.
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The work described above was carried out as part of the programme of the Food Investigation Board, and is published by permission of the Department of Scientific and Industrial Research. Summary An investigation of a system of enzymes from pea seeds which catalyses the formation of hexose-phosphates from starch, various dextrins, and maltose is described.
The first recognizable step in the process is the formation of glucose-1-phosphate which has been isolated in the form of the crystalline potassium salt. Evidence is advanced supporting the conception that this ester is formed as the result of a process of direct phosphorolytic cleavage of terminal glucose units from the non-aldehydic ends of the chain molecules of the substrate.
This primary conversion of starch into glucose-1-phosphate is shown to be a reversible reaction, catalysed in both directions by an enzyme which has been termed phosphorylase.
Glucose-1-phosphate takes part in an alternative reaction, catalysed by the phosphoglucose conversion system, in which it is converted into reducing hexose-monophosphates.
Finally, in non-dialysed extracts, fructose-diphosphate is formed.
